The interaction 0fthree volatile general anaesthetics (halothane, enflurane and methoxyflurane) with erythrocyte membranes at concentrations causing protection of intact erythrocytes against hypotonic lysis was investigated in the hope of deriving fundamental information regarding the membrane perturbational characteristics of these substances as compared with those of local anaesthetics studied previously. The volatile agents increased the susceptibility of membrane proteins and, to a somewhat lesser extent, of phospholipids to trinitrophenylation by picryl chloride or trinitrobenzenesulfonic acid but decreased the accessibility of membrane protein sulfhydryl groups to modification by 5,5'-dithio-bis-(2-nitrobenzoic acid). These observations stood in marked contrast to our previous findings with local anaesthetics, in that these substances, when compared to general anaesthetics at concentrations producing equivalent erythrocyte stabilization, caused a greater enhancement of trinitrophenylation, largely restricted to the phospholipid component and an increased exposure of membrane sulfhydryl groups. Further evidence for alterations in membrane proteins produced by concentrations of volatile anaesthetics relevant to surgical anaesthesia was obtained from the observation that all three agents produced significant decreases in the activation energy of membrane-bound p-nitrophenylphosphatases. Preliminary experiments with brain synaptic membranes suggested that the structural and functional consequences of membraneanaesthetic interaction in erythrocytes are relevant to the situation in excitable tissues. Our results indicate, therefore, that general and local anaesthetics cause distinctly different alterations in the properties of model membrane systems and this may reflect corresponding differences in the molecular mechanisms by which these groups of agents produce their anaesthetic actions.
ALTHOUGH A WEALTH of information concerning the electrophysiological and membrane perturbing properties of various classes of anaesthetics has been accumulated using a wide variety of experimental approaches, the molecular mechanisms by which these substances alter the functioning of excitable tissues has remained obscure. However, a number of recent observations would seem to make earlier unitary theories of anaesthesia based solely on critical volume expansion of lipoidal regions of excitable membranes by a chemically indifferent substance 1 no longer tenable. These include pressure reversal studies, which tend to support the view of anaesthesia as a complex multisite phenomenon; z the critical dependence of the anaesthetic properties of certain steroids on molecular structure and the antagonism of their action by non- Canad. Anaesth. Soc. J., vol. 28, no. 3, May 1981 anaesthetic steroids; s and finally the observation that (-)naloxone is able to antagonize the cardiovascular depressant actions of halothane. 4 It has long been recognized that cellular membranes are likely the primary site governing the production of anaesthesia. There has been much discussion concerning the role of membrane lipids in general and lipid fluidization in particular ~'5, 6 and, more recently, of membrane proteins ~'7'M in the action of anaesthetics. Detailed information concerning the interaction of anaesthetics with the structural components of membranes should provide greater insight into the molecular basis of anaesthesia and might indicate the extent to which general and local anaesthetics share common perturbational actions at the membrane level. 9 The fact that both groups of agents are capable of stabilizing erythrocytes against hypotonic lysis at concentrations paralleling their nerve blocking concentrations ~~ is consistent with this latter possibility and suggests the erythrocyte as a valuable model membrane system with which to explore anaestheticmembrane interaction. 201
Earlier studies from our laboratory tt-~3 have analyzed the membrane perturbational properties of substances with local anaesthetic activity in terms of effects on the incorporation of groupspecific reagents into erythrocyte membrane structural components and on the activity of membrane-associated enzymes. These experiments have provided evidence for alterations in the configurational state both of membrane proteins and of membrane phospholipids in the presence of these cationic lipophilic substances. In the present study the foregoing approach has been extended to a structurally distinct class of agent, the neutral volatile inhalational anaesthetics halothane, enflurane and methoxyflurane, using both erythrocytes and synaptosomes as models of electrically inexcitable and excitable membranes respectively.
METHODS

Preparation of Membranes
Erythrocyte membranes were prepared from outdated human blood (stored in citratephosphate-dextrose) by stepwise hypotonic lysis, 14 diluted to a protein concentration of 3-4 mg/ml, quick-frozen using a dry ice/acetone mixture and stored at -20~ Synaptosomal membranes from guinea pig brain were isolated by the sedimentation-flotation procedure of Jones and Matus. is The material harvested from the interface of the discontinuous sucrose density gradient was diluted to a level of 3-5 mg membrane protein per ml, quick-frozen and stored at -20 ~ C. Cytochrome c oxidase measurements ~6 indicated a relatively low degree of mitochondrial contamination in these preparations (I 1 "*-I per cent).
Antihaemolysis Studies
The procedure employed was virtually identical to that described in our earlier studies 13 and involved an incubation with drug under isotonic conditions followed by challenge with a hypotonic solution containing the same concentration of anaesthetic as was present in the preincubation. Since preliminary experiments indicated that the antithaemolytic effects of anaesthetics were independent of ambient temperature (in the range 5~176
all the antihaemolytic studies were done at room temperature (21 +-2~ Samples were centrifuged and the extent of haemolysis was estimated from the absorbance at 540rim. Each experiment was performed in triplicate on freshly obtained blood samples from at least two different donors. In all of our studies involving the volatile anaesthetics care was taken to avoid losses during the course of the experiment. All containers used were kept tightly stoppered with teflon-lined caps, stock anae,;-thetic solutions were freshly prepared for each experiment and solutions once opened were not reused. Using these precautions, losses of halothane (the most volatile of the three agents employed) were found to be less than 10 per cent, on the basis of gas chromatographic analyses kindly done for us by Dr. Y.C. Pang, Department of Pathology, University of British Columbia.
Labelling of Membranes with Picryl Chloride (PCI) or Trinitrobenzene-Sulfonie AcM (TNBS)
Erythrocyte or synaptosomal membranes (l.5ml) were labelled with PCI or TNBS by incubation for one hour at 37~ in 12ml Tri.s buffer (20raM, pH 8.0) with or without volatile anaesthetic agent and 1.0ml TNBS solution (10 mM, pH 8.0) or 0.5 mlPCI solution (10 raM, in 1:1 (v:v)95 per cent ethanol:water). Reactions were performed in 14 ml total capacity glass tubes with teflon-lined llds. The recovery, solubilization and resolution by Sephadex G-200 chromatography of the protein and phospholipid components of labelled membranes were performed as described in our earlier studies. 13 Alterations in membrane trinitrophenylation in the presence of volatile anaesthetics were evaluated from changes in the area (sum of absorbances '.at 335nm) of labelled protein and phospholipid components and expressed as a percentage of control labelling in the absence of added anaesthetic.
Miscellaneous Analyses
Effects of volatile anaesthetics on the accessibility of membrane sulfhydryl groups to modification by 5,5'-dithiobis-(2-nitrobenzoic acid) and on the properties of Mg ++ and K § stimulated membrane p-nitrophenylphosphatase were measured as outlined in our previous investigations.1 t
RESULTS
Antihaemolysis Studies
The three inhalational agents investigated were all found to stabilize human erythrocytes against hypotonic lysis. The concentration dependence of antihaemolysis was virtually identical for halothane and methoxyflurane, including the typical biphasic effect of protection at low concentrations followed by destabilization at higher concentrations. In contrast, enflurane did not show any evidence ofa lytic component up to the maximally attainable concentration of approximately 20 mM ( Figure 1 ). Anaesthetic concentrations found to produce 8 per cent antihaemolysis (AH8%) and 50 per cent antihaemolysis (AHso%), which correspond to minimum alveolar concentrations during general anaesthesia, and concentrations producing axonal conduction blockade respectively 9'~~ summarized in Table  I . The experimentally determined concentrations AH8% and AHso% for each anaesthetic were employed in the remainder of our studies of the membrane perturbational characteristics of these agents as described below.
Chemical Labelling Studies
The structural changes resulting from the interaction of volatile anaesthetics with the erythrocyte membrane" were analyzed in terms of effects on the covalent labelling of membrane protein and phospholipid amino groups by trinitrophenyl moieties derived from picryl chloride (PCI). In these experiments, membranes were labelled with PCI in the absence or presence of anaesthetic and the extent of trinitrophenylation of membrane structural components was measured spectrophotometrically following their resolution by Sephadex G-200 gel filtration (as described in our earlier studies ~ ~.~3 using trinitrobenzenesulfonic acid as trinitrophenylating reagent). Results were expressed as per cent increase (or decrease) in protein or phospholipid labelling in the presence of anaesthetics at concentrations producing 8 and 50 per cent antihaemolysis of intact erythrocytes and our findings are summarized in Table 11 . At the lower concentrations of halothane and enflurane a slight decrease in phospholipid labelling was apparent, while at the higher concentrations more pronounced increases in protein labelling, unaccompanied by further increases in phospholipid labelling, were apparent with all three anaesthetics. The labelling studies were repeated using trinitrobenzenesulfonic acid (TNBS), an anionic analogue of PCI, in order to compare the results obtained with those previously reported for propranolol" and lidocaine, '3 two typical substances with local anaesthetic properties. All compounds were studied at their respective concentrations producing 50 per cent antihaemolysis of intact erythrocytes (i.e., AHs0~zc). The three inhalational agents all behaved rather similarly and produced equivalent increases in protein and phospholipid trinitrophenylation by TNBS (Table 1II) . The local anaesthetics, on the other hand, caused a 3-4 fold greater incorporation into phospholipids relative to protein, although the magnitude of the stimulated incorporation into both structural components was far greater for these substances than for the inhalation anaesthetics (Table III) .
The extent to which volatile anaestheticinduced membrane perturbations in erythrocytes are comparable to the situation in excitable membranes was explored using brain synaptosomal membranes and PCI incorporation as an index of the structural consequences of drugmembrane interaction. The results of these preliminary experiments (Figure 2 ) indicated a qualitative similarity between the effects of anaesthetics on the trinitrophenylation of erythrocyte and synaptosomal membrane structural components, with stimulation of protein labelling and predominantly inhibitory effects on phospholipid labelling being observed in both systems.
We have previously shown that a variety of substances with local anaesthetic and antihaemolytic properties produce a concentrationdependent increase in the number of membrane protein sulfhydryl groups modifiable by 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) and the data previously reported for propranolol I~ and lidocaine 13 at concentrations producing 50 per cent antihaemolysis of red cells in vitro are presented in Figure 3 . While these two drugs caused a significant increase in sulfhydryl group tiLer, the volatile anaesthetics at concentrations associated with general anaesthesia in vivo (i.e., those required to produce 8 per cent antihaemolysis) actually caused a decrease in the accessibility and/or reactivity of membrane protein sulfhydryls (Figure 3) . Similar effects were also noted at concentrations of inhalational Another approach to studying the molecular consequences of anaesthetic-membrane interaction explored the influence of inhalational agents on the Mg++-dependent, K+-stimulated p-nitrophenylphosphatase'(NPPase) system, a ouabainsensitive enzyme complex whose presence in erythrocyte and synaptosomal membranes provides another means of comparing the effects of anaesthetics on model membrane systems derived from excitable and non-excitable tissues. Arrhenius activation energies of membrane enzymes are known to be critically influenced by the physicochemical state of membrane structural components 17'Is and these might, therefore, offer a sensitive and readily quantifiable index of the functional consequences of anaesthetic-membrane interaction. Effects of volatile anaesthetics on Arrhenius activation energies of basal (Mg++-independent), Mg ++-dependent, and Mg++-dependent K+-stimulated NPPase activities were examined and representative Arrhenius plots for methoxyflurane and halothane are shown in Figure 4 . The data summarized in Table IV indicate highly significant effects of all three anaesthetics on the NPPase system even at concentrations (AHsn+, corresponding to minimum alveolar concentrations during anaesthesia) which did not detectably alter the incorporation of picryl chloride into erythrocyte membrane structural components (Table II) . Preliminary experiments indicate that comparable membrane perturbational actions of volatile anaesthetics at clinically relevant concentrations are also observed in the NPPase system of brain synaptosomal membranes (Table V) .
DISCUSSION
Although much detailed information exists concerning the ability of anaesthetics to interact with and perturb natural membranes or proteinfree artificial lipid bilayer systems, little is known about the molecular basis of anaesthesia, whether at the level of the single neurone or of the intact animal. Model experiments using isolated in vitro preparations are frequently hampered by uncertainties regarding the use of anaesthetic concentrations greatly in excess of those encountered clinically and also by the lack of information concerning the relative involvement of protein and lipid structural components in anaesthetic-induced membrane functional alterations. In the light of these limitations, the human erythrocyte provides a convenient model membrane system for studying anaesthetics, since concentrations producing 8 and 50 per cent antibaemolysis correlate well with concentrations required for the production of general and local anaesthesia, respectively; I~ and the membrane perturbational properties of various agents may be analyzed, at concentrations producing an equivalent degree oferythroycte stabilization, in terms of their effects on the incorporation of group-specific chemical probes into membrane proteins and phospholipids. ~ ~'t ~ Although local and general anaesthetics undoubtedly differ in their sites of pharmacological action in vivo, both groups of agents ultimately act to stabilize membrane potential and prevent the increase in sodium conductance governing the rising phase of the action potential. It has, therefore, been suggested that local and general anaesthetics may share a common molecular mode of action at the membrane level. 9''~ Consistent with this possibility is the demonstration that elevated ambient pressures (of the order of 100 atmospheres) are able effectively to antagonize the effects of both classes of agents on the neuronal compound action potential. :~ Further, spin label experiments have shown that halothane and lidocaine exert comparable hiphasic effects on the fluidity of synaptic membranes, with increased ordering being apparent at low concentrations of anaesthetic and overall fluidization predominating at higher concentrations. 21 On the other hand, it has been shown that the blockade of frog sciatic nerve preparations by halothane is enhanced by increasing calcium concentration or replacement of HzO by D:O, while blockade by procaine is antagonized by calcium and unaffected by D20. zz These latter observations are in accord with the results of the present investigation and suggest that the membrane perturbational characteristics of local and general anaesthetics are not equivalent.
The interaction of inhalational anaesthetics with human erythrocyte membranes at concentrations of anaesthetic producing 50 per cent antihaemolysis of erythrocytes in vitro (AHso~) caused an increase in the incorporation of picryl chloride (PC1) into membrane protein compo-nents with marginal effects on membrane phospholipid labelling (Table II) . The non-polar characteristics, both of the PCI molecule and of the anaesthetics, suggest that the protein perturbations in question may be occurring in the internal hydrophobic core of the membrane, possibly as the result of direct anaestheticprotein interactions. Parallel experiments using trinitrobenzenesulfonic acid (TNBS), a highlycharged analogue of PC1, indicate that more superficially located membrane sites are also modified in the presence of anaesthetics, but in a less selective manner, with equivalent changes in protein and phospholipid moieties (Table III) . Two substances with local anaesthetic activity, namely propranolol and lidocaine, when examined under the same conditions (i.e., at their respective AH~o% values and, hence, at equivalent concentration in the membrane), exhibited considerably greater increases in protein and particularly phospholipid labelling by TNBS (Table III) . The constant ratio of phospholipid to protein, which characterizes the increased TNB S labelling in the presence of general anaesthetics, suggests that these molecules share common membrane perturbational actions. In contrast, substances possessing local anaesthetic properties exhibit considerable differences in their relative abilities to influence TNBS incorporation into protein or phospholipid components of membranes (Table 1II) .
Further evidence for the distinction between the membrane actions of local and general anaesthetics was obtained in experiments using 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB) to detect changes in the configurational state of membrane protein sulfhydryl groups. The work of Borochov et al. z3 has shown that alterations in erythrocyte membrane fluidity (resulting from experimentally-induced elevation of the cholesterol to phospholipid ratio) are associated with changes in the susceptibility of membrane sulfhydryls to chemical modification. Earlier studies from our own laboratory (see results with propranolol and lidocaine in Figure 3 and Reference 13) had also shown that local anaesthetics cause a progressive increase in the modification of erythrocyte membrane sulfhydryls by DTNB. Since local and general anaesthetics are both known to induce fluidization of membrane lipids, I the finding that all three inhalational agents at surgical concentrations (AH8%, Figure 3) or greater (AHs0%, data not shown) produced a decrease in DTNB-accessible sulfhydryl groups was somewhat unexpected. While these results might indicate that the nature and consequences of membrane fluidization induced by general and local anaesthetics are quite different, a more likely explanation is that the observed effects may result from direct interaction of anaesthetics with membrane proteins. The influence of the volatile anaesthetics on the activation energies of erythrocyte membrane p-nitrophenylphosphatase (NPPase) activities (Figure 4 ) provided further evidence for the involvement of membrane proteins in the membrane perturbational actions of general anaesthetics at clinically relevant concentrations (Table IV) . Anaesthetics also produced a modest, but consistent, decrease in enzyme activity which became more pronounced with increasing temperature (see Figure 4) . A similar temperature-dependence has recently been noted for the inhibition by halothane of calcium transport activity in skeletal muscle fragmented sarcoplasmic reticulum. 24 Since the antihaemolytic properties of inhalational anaesthetics were essentially independent of temperature in the range of 5 ~ to 37 ~ C (data not shown), it seems likely that an effect of temperature on the configurational state of the membrane proteins in question rather than on anaesthetic-membrane interaction per se is involved. Our preliminary experiments using brain synaptosomal membranes as a model excitable membrane system indicate that the structural (Figure 2 ) and functional (Table V) consequences of general anaesthetic-membrane interaction in this preparation are qualitatively quite similar to the situation in erythrocytes (Figure 2 , Table IV) .
We have shown, therefore, that inhalational general anaesthetics differ markedly from local anaesthetics in their erythrocyte membrane perturbational characteristics when both are compared at concentrations producing equivalent stabilization of human erythrocytes against hypotonic lysis (i.e., AHso%). Under these conditions, local anaesthetics exert a major effect on the configurational state of membrane phospholipids, with a lesser action on membrane proteins while general anaesthetics perturb both these membrane structural components to a much lesser degree and both to approximately the same extent. At lower concentrations, however, general anaesthetics appear preferentially to alter membrane protein components. Much recent speculation has focussed on the possible role of proteins in mediating the membrane actions of general anaesthetics, based largely on the obser-vation that natural membranes are more susceptible to the modifying influence of anaesthetics than artificial bilayer systems. 7,zs-z7 Our observations at clinically relevant concentrations of general anaesthetics (i.e., AHsr offer support for this hypothesis and underline the striking differences in the molecular characteristics of general and local anaesthetic action at the membrane level. These differences, which are revealed at concentrations required to produce their respective pharmacological effects, suggest that a diversity exists in the molecular basis of anaesthesia produced by these two classes of pharmacological agent. RI~SUM~ L'interaction de trois anesth6siques volatils (halothane, enflurane et methoxyflurane) avec la membrane 6rythrocytaire utilis6s /~ des concentrations qui prot6gent les 6rythrocytes intacts contre la lyse hypotonique a 6t6 6tudi6e avec I'espoir d'obtenir des renseignements fondamentaux sur les perturbations caract6ristiques que causent ces substances lorsqu'on les compare aux anesth6siques Iocaux. Les agents anesth6siques volatils ont augment6 la susceptibilit6 des prot6ines de la membrane et, ~ un degr~ moindre, des phospholipides 5_ la trinitroph6nylation par le chlorure de picryl ou l'acide trinitrobenz~nesulfonique mais a diminu6 l'accessibilit6 des groupes prot6iques sulfhydryl de la membrane /~ la modification apport6e par racide 5,5'-dithio-bis-(2-nitrebonzo'ique). Ces observations contrastaient fortement avec nos donn6es pr6c~dentes concemant les anesthesiques locaux par le fait que Iorsque ces substances 6talent compar~es aux anesth6siques g6n~raux :~ des concentrations qui produisaient une stabilisation 6rythro-cytaire 6quivalente, elles causaient une augmentation plus marqu6e de la trinitroph6nyla-tion, int6ressant plus sp6cialement le composfi phospholipidique et une augmentation de l'exposition du groupe sulfhydryl de la membrane. Une ~vidence additionnelle d6mon-trant les alt6rations des prot6ines de la membrane produites par des concentrations d'anesth6siques volatils identiques ~ relies que I'on emploie en anesth6sie chirurgicale fut obtenue Iorsqu'on a observ6 que les trois agents produisaient une baisse significative de I'activation de 1'6nergie des p-nitrophbnylphosphatases li6es ~ la membrane. Une ~tude pr61iminaire faite avec des membranes post-synaptiques du cerveau porte ~ croire que les cons6quences structurelles et fonctionnelles de I'interaction anesth6siQue sur la membrane erythrocytaire peuvent ~tre identiques ~ relies qui surviennent dans les tissus excitables, Nos donn(:es indiquent donc que les agents anesthesiques Iocaux et g~n6raux causent des alt6rations distinctes sur les propri6t6s des membranes et que ceci peut se r6fl6tev par des differences correspondantes sur les m6canismes mol6culaires d'action des diff6rents groupes d'agents anesth6siques.
